The seismonastic movement of Mimosa pudica is triggered by a sudden loss of turgor pressure. In the present study, we compared the cell cytoskeleton by immunofluorescence analysis before and after movement, and the effects of actin-and microtubule-targeted drugs were examined by injecting them into the cut pulvinus. We found that fragmentation of actin filaments and microtubules occurs during bending, although the actin cytoskeleton, but not the microtubules, was involved in regulation of the movement. Transmission electron microscopy revealed that actin cables became loose after the bending. We injected phosphatase inhibitors into the severed pulvinus to examine the effects of such inhibitors on the actin cytoskeleton. We found that changes in actin isoforms, fragmentation of actin filaments and the bending movement were all inhibited after injection of a tyrosine phosphatase inhibitor. We thus propose that the phosphorylation status of actin at tyrosine residues affects the dynamic reorganization of actin filaments and causes seismonastic movement.
Introduction
In response to several stimuli such as mechanical and electrical stimuli, Mimosa pudica L. rapidly bends its petioles downward at the main pulvini and closes its leaves. Efflux of K + ions from motor cells to apoplasts (Allen 1969 , Abe 1981 ) and translocation of water from the extensor to the flexor half of the motor organ during seismonastic movement (Tamiya et al. 1988 ) have been reported. Following the efflux of ions and water, tannin and colloidal vacuoles, which account in large part for the volume of a motor cell, shrink (Fleurat-Lessard 1988 , Fleurat-Lessard 1990 . Thus, rapid loss of turgor pressure in extensor motor cells appears to be a trigger for the curvature change of petioles.
We have investigated the role of the cell cytoskeleton during seismonastic movement of Mimosa. Plant cytoskeletons participate in fundamental processes including mitosis, cytokinesis, cell polarity and intracellular trafficking (Staiger 2000, Wasteneys and Galway 2003) . Stomatal opening/closing movement, which is an example of turgor-modulated movement, also involves both actin filaments and microtubules (Kim et al. 1995 , Eun and Lee 1997 , Fukuda et al. 1998 , Marcus et al. 2001 . Extension of long actin filaments along the cortex of guard cells and radiating out from stomatal pores has been observed during the daytime, whereas breakdown of cortical actin filaments occurs at night in response to environmental and endogenous stimuli such as light, CO 2 , humidity and ABA production (Kim et al. 1995 , Eun and Lee 1997 , Eun and Lee 2000 , Hwang and Lee 2001 . Thus, changes in actin organization play important roles in stomatal movement. In Mimosa, treatment of the motor organ with reagents that interfere with actin, such as cytochalasin B (CB) and phalloidin, alters the ability of the main pulvinus to bend, suggesting that rearrangement of the actin cytoskeleton is involved in seismonastic movement .
Microtubules are also involved in several physiological events in plant cells (Wasteneys 2004, Wasteneys and Yang 2004) , including root hair formation (Baskin et al. 1999 , Takahashi et al. 2003 ) and stomatal movement (Fukuda et al. 1998 , Marcus et al. 2001 . Studies with anti-microtubule drugs and exogenously expressed microtubule-binding protein revealed that microtubules are necessary for stomatal opening. Although both stomatal movement and seismonastic movement are forms of turgor-mediated movement, pharmacological studies do not support the involvement of microtubules in seismonastic movement. In Mimosa, the effects of agents that affect microtubules, such as colchicine and vinblastine, on the bending movement were examined by immersing cut shoots that have a first motile leaf in such reagents . Absorption tests of these reagents showed that destruction of microtubules in motor cells had no effect on a shock-induced reaction.
In the present study, we observed changes in the actin cytoskeleton and microtubules in extensor motor cells of Mimosa and examined the effects of reagents that interfere with the cytoskeleton by injecting such reagents into cut pulvinus (Fig. 1 ). In addition, we examined the effects of phosphatase inhibitors on actin isoform composition, actin filament organization and seismonastic movement.
Results

Changes in the cytoskeleton during seismonastic movement
We used indirect immunofluorescence to observe actin filaments and microtubules in motor cells of the main pulvinus of Mimosa before and after mechanical perturbation. The state prior to bending was achieved by cold anesthesia. This is a state in which the plant does not respond to any stimulus, and the leaf and petioles maintain the same angle as in the unstimulated plant. Before bending, actin filaments of the cytoskeleton were present in various orientations (Fig. 2B, K) , and microtubules were aligned parallel and vertical to the central cylinder (Fig. 2F, K) . After bending, the actin filaments and microtubules were fragmented, and relatively short filaments were distributed diffusely throughout the cytoplasm (Fig. 2D, H) . To quantify fragmentation of the cytoskeleton, we measured Fig. 1 Measurement of the bending angle of Mimosa pudica. The bending angle is calculated as the difference between the angle of the petiole to the stem before (φb) and after (φa) bending. Fig. 2 Immunofluorescent images of the cytoskeleton of motor cells before bending of the Mimosa main pulvinus. Differential interference microscopic images (A, C, E, G and I) and confocal microscopic images (B, D, F, H and J) of motor cells are shown. Schematic image (K) indicating the site of observation in the main pulvinus before bending. We observed the middle layer of cells in the extensor half of the motor organ of the main pulvinus. Randomly oriented actin filaments were visible before bending (B). These filaments were disrupted and distributed diffusely in the cytoplasm after bending (D). Microtubules were aligned parallel to each other in motor cells before bending (F); however, only fragments of microtubules were observed after bending (H). (J) Autofluorescence image of control cells showing circular tannin vacuoles (tv) before bending. Colloidal vacuoles (cv) account in large part for the volume of motor cells. All images were taken at the same magnification, and the bar in (J) indicates 20 µm. AF and MT are representative images of actin filaments and microtubules, respectively. filament lengths and calculated the ratio of cells containing fragmented filaments (shorter than 15 µm) to all cells. After bending, 79.3% of cells (n = 178) contained fragmented actin filaments, whereas only 10.6% of cells (n = 169) contained short or fragmented actin filaments prior to bending. Similarly, 97.7% of cells (n = 133) contained short microtubules (shorter than 15 µm) after bending, whereas 19.7% of cells (n = 176) contained short microtubules prior to bending.
To determine whether dynamic changes in the cytoskeleton are necessary for bending, reagents that influence cytoskeletal function were injected at the cut stem to reach the motor cells of the main pulvinus. The plant samples were allowed to stand, and after a 90 min incubation, the bending angle in response to an ice-cold stimulus was measured (Fig.  1) . Treatment with cytochalasin D (CD) and phalloidin, which are actin-modulating drugs, resulted in a significant decrease in the bending angle; however, agents that affect microtubules, such as propyzamide, taxol and colchicine, had no effect on the bending movement (Table 1) . To examine how these reagents affect motor cells and alter the cytoskeleton, main pulvini cut from reagent-treated stems prior to bending were sectioned, and the actin filaments and microtubules were observed by indirect immunofluorescence. Fragmentation of actin filaments was visible in CD-treated cells (Fig. 3C) , whereas there were no changes in microtubules (Fig. 3D ) when compared with controls (Fig. 3A, B) . In contrast, the microtubules in motor cells were completely destroyed by propyzamide treatment (Fig. 3F) , whereas there were no obvious changes in the actin cytoskeleton (Fig. 3E) . The bending angle was not changed after treatment with propyzamide. These results suggest that changes in the actin cytoskeleton are involved in seismonastic movement and that microtubules are not directly associated with this type of movement.
Transmission electron microscopy (TEM) of actin cables in motor cells
To examine the physiological role of the actin cytoskeleton during seismonastic movement, we observed motor cells before and after mechanical perturbation by TEM. We prepared the specimens with an ultrarapid fixation technique by high pressure freezing followed by freeze substitution (Sameshima et al. 2002) . This technique prevents possible changes in the fine structure of the cytoskeleton during fixation and allows inspection of the bona fide structure of actin filaments in motor cells.
Elongated, compact bundles of filamentous structures approximately 8 nm in diameter were observed in the cyto- Table 1 Effects of reagents that affect the cytoskeleton on the bending movement of Mimosa pudica *P < 0.05 and **P < 0.01 by paired Student's t test. Ethanol (3%) was injected as a vehicle control for propyzamide, and 1% DMSO served as a control for the remaining reagents.
Reagent
Concentration Bending angle in degrees (n)
Cytochalasin D 100 µM 39.5 ± 8.4 (5)** 200 µM 31.2 ± 8.9 (6)** Phalloidin 20 mM 33.7 ± 10.5 (8)* 200 mM
19.1 ± 6.2 (8) ** Propyzamide 50 µM 60.7 ± 4.9 (8) 200 µM 60.1 ± 3.0 (9) Taxol 10 µM 57.4 ± 3.0 (6) 100 µM 54.0 ± 5.8 (6) Colchicine 10 mM 62.2 ± 4.4 (12) 50 mM 60.2 ± 3.2 (13) DMSO 1% 57.1 ± 6.3 (9) Ethanol 3% 59.8 ± 2.9 (13) plasm of unstimulated motor cells and were occasionally located close to vacuoles (Fig. 4A, B ). These structures were labeled with anti-actin antibody (Fig. 4E , F) and were distinct from the 26 nm diameter filaments typical of microtubules ( Fig. 4E, arrow) ; therefore, we designated these structures as actin cables. Because the actin cables appeared to become loose after bending (Fig. 4C, D) , the widths of the bundles, the number of filaments comprising each bundle and the distance between actin filaments in bundles were compared with those values in unstimulated cells. The average number of actin filaments (approximately five single filaments) contained in each cable did not change after bending (Fig. 5A ), whereas the distance between filaments increased from 12 to 20 nm (P < 0.05; Fig. 5C ) after bending, resulting in widening of the cables (Fig. 5B ).
Effect of protein phosphatase inhibitors
We previously provided experimental data suggesting that actin in motor cells is tyrosine phosphorylated before bending and dephosphorylated after bending, and that inhibition of tyrosine dephosphorylation by treatment of the main pulvinus with phenylarsine oxide (PAO), a tyrosine phosphatase inhibitor, prevents petiolar bending (Kameyama et al. 2000) . However, the effects of other phosphatase inhibitors on the actin cytoskeleton are not known. Therefore, we examined the effects of serine/threonine and tyrosine phosphatase inhibitors on petiolar bending and observed the actin cytoskeleton before and after the stimulus in the presence of phosphatase inhibitors.
When pulvini were treated with serine/threonine phosphatase (types 1, 2A and 2C) inhibitors such as Na 4 P 2 O 7 and NaF, the bending angle was not changed; however, a significant decrease in the bending angle was observed when pulvini were treated with PAO and Na 3 VO 4 (Table 2). To ascertain whether tyrosine dephosphorylation of actin was inhibited when motor cells were treated with phosphatase inhibitor, the pattern of protein spots was examined by two-dimensional PAGE (2D-PAGE). As shown in the top panels of Fig. 6 , the positions and levels of two α-tubulin spots were not changed during bending. The intensities of acidic actin spots were reduced after bending, as reported previously (Fig. 6 , top panels; Kameyama et al. 2000) . Treatment with PAO effectively suppressed this reduction in the intensities of the acidic actin spots, suggesting that phosphorylated actin isoforms were dephosphorylated during the bending reaction (Fig. 6 , second panels from the top). In contrast, the disappearance of the most acidic actin spots No obvious change in the number of actin filaments comprising a cable was observed after bending (A). However, the mean width of a cable and the resulting average space between actin filaments were significantly increased after bending (*P < 0.05, t-test).
Fig. 6
Change in 2D-PAGE pattern of actin spots after bending. Pulvini treated with vehicle control (water), 0.3 mM PAO dissolved in 1% DMSO or 50 mM NaF were cut into small pieces, dissolved in sample treatment solution (Mikawa et al. 1981 ) and subjected to 2D-PAGE with 10% gels. Gels were transferred to membranes followed by Western blotting with anti-tubulin and anti-actin antibodies. Two acid tubulin spots are visible regardless of bending status (bottom images). As previously reported (Kameyama et al. 2000) , four actin spots were observed before bending (left panels and schematic image). After bending (right panels), the most acidic spot had disappeared, and accumulation of relatively basic spots was observed in control cells (top panel and bottom image). PAO treatment suppressed the change in actin spots (second panel from the top); however, an obvious reduction of the size of acidic spots was observed in NaF-treated cells after bending (third panel from the top). Table 2 Effects of tyrosine phosphatase inhibitors on bending **P < 0.01 and ***P < 0.001 by paired Student's t test. DMSO (1%) was injected as a vehicle control for PAO, and water served as a control for the remaining reagents.
Reagent
Concentration Bending angle in degrees (n) PAO 0.3 mM 35.2 ± 2.9 (22)** Na 3 VO 4 0.1 mM 25.9 ± 5.8 (8)*** Na 4 P 2 O 7 5.0 mM 66.9 ± 8.1 (7) NaF 50.0 mM 63.0 ± 5.1 (11) Distilled water 57.2 ± 7.0 (5) DMSO 1% 62.0 ± 4.1 (11) Fig. 7 Effects of PAO treatment on the actin cytoskeleton. The main pulvinus was treated with 0.3 mM PAO dissolved in 1% DMSO. Actin cables were visible in the cytoplasm of cells treated with vehicle control (A) or PAO (B) before bending. However, the actin cytoskeleton was disrupted, and only diffuse signals were observed in vehicletreated motor cells (control) after bending (C, arrows). In contrast, actin cables were present in PAO-treated cells even after bending (D). tv, autofluorescence of tannin vacuole. Bar indicates 20 µm.
was observed in samples treated with a serine/threonine phosphatase (NaF) inhibitor after the bending (Fig. 6 , third panels from the top).
Immunofluorescence analyses revealed that before the icecold stimulus, actin cables were visible in motor cells treated with either vehicle [control; 1% dimethylsulfoxide (DMSO), Fig. 7A ] or PAO (Fig. 7B) . After bending, diffuse instead of fibrous signals were observed in the cytoplasm (Fig. 7C,  arrows) of control cells, whereas the actin cables were present in cytoplasm of PAO-treated cells (Fig. 7D) . Transmission electron microscopic observation did not reveal any obvious changes in the actin cytoskeleton in PAO-treated cells after mechanical perturbation (data not shown). Distances between actin filaments in PAO-treated cells were essentially the same before (12.2 ± 2.3 nm) and after (13.3 ± 1.6 nm) perturbation, and these distances were the same as those in untreated cells. Thus, fragmentation of actin cables in response to an external stimulus was prevented by pre-treatment with tyrosine phosphatase inhibitors. These results clearly show that treatment of motor cells with a tyrosine phosphatase inhibitor inhibited breakdown of the actin cytoskeleton in motor cells.
Discussion
Changes in the actin cytoskeleton of M. pudica motor cells
We showed that fragmentation of actin filaments and reductions in the levels of the most acidic forms of actin are associated with bending of the petiole and that this phenomenon is prevented by tyrosine phosphatase inhibitors.
The contribution of contractile proteins to movement was first observed in Mimosa motor cells by electron microscopy, which revealed changes in the fibrous structure of colloidal vacuoles in response to external stimuli (Toriyama and Jaffe 1972) . Evidence for the involvement of actin in seismonastic movement was obtained by analyzing the effects of agents that affect the cytoskeleton, such as CB and phalloidin, on the curvature moment of petioles . Cut young shoots were dipped in such reagents, and the bending angles were measured and the cell cytoskeleton observed by electron microscopy. However, the pulvinus was exposed to reagents through natural absorption from the cut end of the young shoot. We believe that it is difficult to distinguish whether the observed effects are due to the direct effects of the agents or are secondary effects resulting from destruction of the plant's vascular system, which would alter transport of the reagents to the site of action. Therefore, we used a novel technique in our recent studies to expose the pulvinus to reagents (Kameyama et al. 2000 , Hoshino et al. 2004 . Cut pulvini injected with water as a mock experiment remained sensitive to external stimuli for at least 3 d after the injection (data not shown). The ability of reagents to access motor cells via the vascular system was examined by analyzing the effects of reagents on the cytoskeleton.
Immunofluorescence analyses showed that both actin filaments and microtubules were fragmented after bending. We found that both destruction of the actin cytoskeleton due to treatment with CD and stabilization of the actin cytoskeleton by phalloidin lessened the bending angle. These results are consistent with previously reported findings that reagents that affect actin, such as CB and phalloidin, alter the seismonastic movement induced by a mechanical stimulus ). The contribution of microtubules to seismonastic movement was examined further. Our present results indicate that microtubules are not directly involved in seismonastic movement, which is consistent with previous observations . After recovery from bending, the highly organized architecture of actin filaments and microtubules observed before the bending was restored (data not shown). Thus, reorganization of the actin cytoskeleton occurs in response to external stimuli.
We then examined changes in the actin cytoskeleton before and after bending in greater detail with TEM. Actin cables that each contained approximately five actin filaments were observed in cytoplasm, where some were elongated along the cell cortex and vacuolar cell membrane. Actin was visualized by immunogold labeling. The compact actin cables became loose after the bending. Consistent with these findings, immunofluorescence analysis revealed the presence of filaments thicker than microtubules in the cytoplasm. Taken together, these findings indicate that a highly organized actin cytoskeleton is present in motor cells of the pulvinus before bending and that this cytoskeleton deteriorates after bending, when the cables become shorter and looser.
In plant cells, actin filaments assume a highly organized architecture. One well-known example is the actin cable system in green algal cells of Nitella and Chara, in which approximately 100 actin filaments form a unipolar cable that serves as a track for cytoplasmic streaming (Nagai and Rebhun 1966, Shimmen and Yokota 2004) . Actin filament bundles are also involved in cytoplasmic streaming in root hair cells of Hydrocharis and stamen hair cells of Tradescantia (Staiger et al. 1994 , Tominaga et al. 2000 , and in plant cell growth (Waller et al. 2002) . Actin-bundling proteins are thought to be responsible for actin bundle formation. In higher plants, villin, which was originally isolated from the actin bundles of intestinal epithelial cell microvilli (Bretscher and Weber 1979) , promotes formation of stable actin cables in vivo and in vitro (Yokota and Shimmen 1998 , Yokota and Shimmen 1999 , Huang et al. 2005 . In addition to plant villin, actin-bundling proteins such as AtFim1 of Arabidopsis (McCurdy and Kim 1998 , Kovar et al. 2000 and EF-1α of carrot (Yang et al. 1993 ) have been identified. Our present observations suggest that an actin-bundling protein is involved in the formation of actin cables, and the activity of such a protein appears to be regulated in response to external stimuli. Destruction and/or shortening of actin cables appears to be dependent on other actin-modulating proteins (McCurdy et al. 2001) . We previously isolated an actin-modulating protein from Mimosa (Yamashiro et al. 2001) that is a member of the gelsolin superfamily and severs actin filaments in a Ca 2+ -dependent manner (Yin et al. 1981 , McGough et al. 2003 . Because the Ca 2+ concentration in the cytoplasm of motor cells increases during bending (Toriyama and Jaffe 1972) , gelsolin family proteins may play a role in reorganization of the actin cytoskeleton of the motor cell.
Tyrosine phosphatase is involved in reorganization of the actin cytoskeleton Our previous study showed that some actin isoforms in motor cells of the pulvinus are tyrosine phosphorylated and disappear after bending, and that PAO treatment appears to prevent tyrosine dephosphorylation of some actin isoforms and disrupts the bending movement (Kameyama et al. 2000) . In the present study, we observed that apparently intact actin filaments are present after a compromised bending response in PAO-treated cells. We propose that tyrosine dephosphorylation of actin isoforms is necessary for a full seismonastic response and possibly initiates reorganization of the actin cytoskeleton. We believe that tyrosine phosphorylation of actin affects the interaction between actin and actin-binding proteins, such as bundling and severing proteins. PAO treatment prevented destruction of the actin cytoskeleton, but the bending angle was reduced, and that bending movement was not interrupted completely. This result suggests that an actin cytoskeletonindependent mechanism may contribute to the movement. In contrast, CD treatment induced destruction of the actin cytoskeleton, but the bending movement was not completely interrupted, suggesting that functional reorganization but not full destruction of the actin cytoskeleton is necessary for bending. It will also be interesting to understand why destruction of the actin cytoskeleton leads to a loss of turgor pressure from motor cells. As reported by Samejima and Shibaoka (1980) , generation of action potentials was observed both at the flexor and extensor halves of the main pulvinus; however, efflux of Cl -ions from motor cells was observed only in extensor motor cells. Our results did not explain whether actin is involved in generation of action potential and/or efflux of ions from motor cells. Recent analysis showed that aquaporins participate in nyctinastic and seismonastic movements (Fleurat-Lessard et al. 1997 , Siefritz et al. 2004 . Cytoskeletal proteins are involved in the membrane localization of aquaporins in mammalian cells (Noda et al. 2004 , Noda et al. 2005 , Tietz et al. 2006 ). Therefore, we believe that reorganization of the actin cytoskeleton may contribute to regulation of aquaporin activity in plant cells.
Materials and Methods
Materials
Mimosa pudica L. seeds, obtained from Sakata Seed Co. (Yokohama, Japan), were soaked in water overnight and grown in a greenhouse. We used approximately 3-month-old plants in the present study. For examination of biochemical and histochemical characteristics before bending, plants were anesthetized by incubation for several hours at 4°C under 8,000 lux of light until leaves were open and the petiole angle had recovered. Plants in this state of anesthesia do not respond to stimuli.
Injection of reagents into the pulvinus
After cold-induced anesthesia, stems with one pulvinus were cut down, and the lower end of each stem was connected to a tube filled with reagent solution. The other end of the tube was connected to a syringe containing the same solution. The solution was injected until several drops were expelled from the top of the cut petiole. These treatments were performed at 4°C. After injection, the plants were placed in a small well filled with water, kept in a greenhouse for 90 min at 30°C under 10,000 lux of light to release the plant from anesthesia, and then stimulated by touching the pulvinus with an icecold spatula (cold stimulus, CS). CD (0.1, 50 and 200 µM dissolved in 1% DMSO; Sigma, St Louis, MO, USA) and phalloidin (20 and 200 mM dissolved in 1% DMSO; Sigma) were used to examine the effects of reagents that affect actin. Colchicine (10 and 50 mM dissolved in 3% ethanol; Sigma), propyzamide (50 and 200 µM dissolved in 1% DMSO; Sumitomo Chemical, Osaka, Japan) and taxol (10 and 100 µM dissolved in 1% DMSO; Sigma) were used to study microtubules. Phosphatase inhibitors PAO (dissolved in 1% DMSO), Na 3 VO 4 , Na 4 P 2 O 7 and NaF (dissolved in water) were also injected as above. Each cut plant was photographed to allow observation of the stem and petiole on the same plane before and after CS to measure the bending angle. For observation of the state of motor cells before bending, unstimulated samples were anesthetized quickly by storage in a diethylether atmosphere for 30 min.
Immunohistochemistry
For the observation of the cytoskeleton of motor cells, sections from the main pulvinus were mounted in low melt wax according to the method of Baluska et al. (1997) with slight modification. In brief, main pulvini of Mimosa were pre-fixed for 1 h in stabilizing buffer (SB; 50 mM PIPES, 5 mM MgSO 4 , 2.5 mM EGTA, pH 6.9) containing 0.1 mM m-maleimidobenzoyl N-hydroxysuccinimide ester (MBS) and fixed for 1 h in SB containing 2.2% paraformaldehyde (PFA). Fixed pulvini were rinsed in SB and dehydrated in an ethanol series. After infiltration with Steedman's wax [PEG 400 distearate and 1-hexadecanol at 9 : 1 (w/w)] by substitution of wax for ethanol through a graded series of incubations at 37°C, samples were placed at room temperature to polymerize. Median longitudinal 20 µm thickness sections were placed on slides coated with albumin, air dried overnight, and dewaxed with a graded ethanol series. Rehydrated specimens were rinsed with SB and treated with blocking reagent [1% bovine serum albumin (BSA) (w/v) and 3% normal goat serum (v/v) in SB) for 30 min at room temperature. After a rinse in SB, the specimens were incubated with anti-actin monoclonal antibody (clone C4, diluted 1 : 400; MP Biomedicals, Irvine, CA, USA) or anti-α-tubulin monoclonal antibody (clone DM1A, diluted 1 : 400; Sigma) overnight at 4°C. Secondary antibody was Alexa594-conjugated anti-mouse IgG 1 antibody (Invitrogen, Carlsbad, CA, USA). The specimens were washed with SB and then mounted in anti-fade mounting medium, Vectashield (Vector Laboratories, Burlingame, CA, USA). Specimens were examined under a confocal scanning microscope (LSM410; Carl Zeiss, Oberkochen, Germany).
Electron microscopy
The main pulvini of Mimosa were cut off and immersed in hexadecane. Pulvinus samples were sectioned approximately 0.2 mm thick with a razor blade and transferred to a specimen carrier filled with hexadecane. The carrier was pre-coated with dipalmitoyl-lecithin. An ice-cold razor blade and hexadecane were used to cut and slice the main pulvini from plants anesthetized at 4°C. The carrier containing the sliced pulvinus was set in a sample holder, and the specimen was frozen by insertion of the holder into a high pressure HPM 010 freezer (Bal-Tec, Balzers, Liechtenstein). Frozen specimens were freeze-substituted by immersion in acetone containing 2% OsO 4 at -84°C for 72 h. After the temperature was increased to -25°C with a change of approximately 10°C h -1 , specimens were transferred to ice for 30 min. They were then washed with cold acetone three times and stored at room temperature for 1 h. Specimens were washed with dehydrated acetone three times and immersed in a serial mixture of acetone and Poly/Bed 812 (Polysciences Inc., Warrington, PA, USA) without accelerator at ratios of 9 : 1, 5 : 2, 1 : 1 and 2 : 5 with stirring for 2 h. Specimens were then immersed in the resin including the accelerator. The resin was exchanged after 2, 12 and then 2 h. Evacuated specimens were sandwiched between aclar film (Honeywell International, Morristown, NJ, USA) and then polymerized by heat. An embedded pulvinus was attached to an acryl block. A 1 µm thick section was stained with 1% toluidine blue and observed with a light microscope to distinguish extensors from flexors by the pseudo-axial symmetry of the central cylinder. Ultra-thin sections (80-90 nm) obtained from extensor tissues with a Leica Ultracut UCT (Leica, Vienna, Austria) were double-stained with uranyl acetate and lead citrate and examined with a Jeol JEM-1200 EX transmission electron microscope (Jeol, Tokyo, Japan).
Immunoelectron microscopy
Frozen pulvini were freeze-substituted with acetone without OsO 4 and embedded in LR-White medium grade resin (Electron Microscopy Sciences, Fort Washington, PA, USA). Thin sections mounted on nickel grids with formbar membrane were etched for 30 s with saturated sodium periodate. Washed grids were exposed to 5% BSA in Tris-buffered saline (TBS) for 30 min. After five washes with TBS, grids were put on drops of 10 µg ml -1 mouse anti-actin monoclonal antibody (clone C4) and incubated at 4°C overnight. Specimens were washed and stained with immunogold (EMGAM10, British Biocell International Ltd, Cardiff, UK) diluted 1 : 40 with 0.1% BSA for 2 h at room temperature. Fixed specimens were rinsed with 2% glutaraldehyde in phosphate-buffered saline (PBS) for 5 min and doublestained with uranyl acetate and lead citrate.
Characterization of actin cable structure
On electron micrographs of motor cells, the number of actin filaments in individual actin cables was counted, and the width of each cable, which was the distance between the centers of the outermost actin filaments that constitute the cables, was measured. The average space between actin filaments in an actin cable was calculated by dividing the width of the cable by the number of gaps between the filaments comprising the cable. Significance of differences was analyzed with Student's t-test.
2D-PAGE and Western blotting
2D-PAGE was carried out according to O'Farrell (1975) as modified by Mikawa et al. (1981) . In brief, isoelectric focusing was carried out at 100 V for 1 h and then at 600 V for 4 h in one-dimensional gels containing 4% (v/v) Ampholine (pH 3.5-10 : pH 5-7 = 1 : 4) (Amersham Pharmacia Biotech, Little Chalfont, UK). After SDS-PAGE with 10% acrylamide gels (Laemmli 1970) , the proteins were transferred to nitrocellulose membranes (0.45 µm pore size; Schleicher & Schuell, Dassel, Germany) at 100 mA for 1 h. The membranes were incubated in 5% skim milk (Snow Brand Milk Products Co., Ltd, Tokyo, Japan)/TPBS (0.05% Tween-20 in PBS). Membranes were washed with TPBS three times for 5 min and then incubated with anti-actin monoclonal antibody (diluted 1 : 15,000, Ab-1; Oncogene Research Products, San Diego, CA, USA) and anti-α-tubulin monoclonal antibody (diluted 1 : 10,000, clone DM 1A, Sigma). Secondary antibodies were horseradish peroxidase-conjugated anti-mouse IgG 1 (diluted 1 : 2,000, Santa Cruz Biotechnologies, Santa Cruz, CA, USA) for anti-actin antibody and anti-mouse IgM (diluted 1 : 2,000, Stressgen Biotechnologies, Victoria, BC, Canada). Immunocomplexes were detected with an enhanced chemiluminescence (ECL) detection kit (Amersham Pharmacia Biotech).
